Introduction
The term 'ecotoxicology' has been coined to describe the relationship between chemical pollutants (many of which may be toxic), the environment into which they are released and the biota in that environment. This relationship is essentially a triangular one, as illustrated in Figure 1 , with each comer of the triangle conferring a dimension of complexity on the interaction between chemical pollutants and living cells. There are many thousands of different chemical compounds in the environment, many of which are man-made [ 11. But even a single pollutant may interact with the environment to generate a complex family of related chemical species. An example of this phenomenon, called 'speciation', is the occupation of various oxidation states by mercury in response to photo-oxidation [2] . Another type of speciation occurs when a chemical interacts with the biota in the environcompartments of the environment (e.g. air, water, sediment, etc.), depending on its physical and chemical properties (e.g. hydrophobicity, volatility) [3]. There are at least four main strategies which cells adopt to protect themselves against xenobiotics; sequestration (e.g. bioconcentration of hydrophobic pollutants in biological membranes), binding (e.g. the binding of metals by the metallothioneins), scavenging [e.g. the scavenging of free radicals by the intracellular tripeptide glutathione (GSH)] and detoxification enzymes (e.g. the cytochrome P-450 system). Although no two species of animal defend themselves against a chemical pollutant in exactly the same way, it is remarkable how uniform the adoption of these strategies is across the living world.
Detoxification enzymes
Detoxification enzyme activities may be divided ment, such as micro-organisms and aquatic into three main types or 'phases', each representing animals. This may result in biotransformation of the chemical (e.g. conversion of mercury into organomercuric compounds). The significance of speciation is that each of the chemical species derived from a single pollutant may display quite different toxicity properties.
Many of the common chemical pollutants such as the polyaromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCBs) are hydrophobic. However, aliphatic compounds such as hydrocarbon chains and even inorganic metals (e.g. mercury) may also be toxic. Because of the diversity of this chemical threat, cells require defence mechanisms of considerable versatility. Moreover, the pollutant may partition differently in the various Abbreviations used: GSH, glutathione; GST, glutathione S-transferase; PAH, polyaromatic hydrocarbons; PCB, polychlorinated biphenyl. *Current address: Yeast Genetics, NIMR, The Ridgeway, Mill Hill, London NW7 IAA, U.K. This system uses molecular oxygen and NADPH as co-substrates. The result of phase I is to make the xenobiotic more chemically reactive thus making it a better substrate for phase 11. Paradoxically, this reaction may convert a non-toxic substrate into a highly toxic product. This is known as bioactivation. For example, the conversion of benzo [alpyrene (which is not carcinogenic) into benzo[ alpyrene-7,8-diol-9,10-epoxide (which is carcinogenic). Phase I1 activities, which are found both in the microsomes and the cytosol, catalyse the conjugation of the xenobiotic to some endogenous substrate. Generally, these enzymes are highly specific for this endogenous substrate, but much less so for the xenobiotic substrate. A large number of these enzyme families are known, such as the sulphotransferases (conjugation to sulphate), UDPglucuronyltransferases (conjugation to UIIPglucuronic acid) and the glutathione S-transferases (GSTs; conjugation to GSH). This reaction has two important consequences. First, the xenobiotic is made much more water-soluble by the addition of a large hydrophilic moiety. Secondly, the endogenous substrate confers an identifiable chemical 'handle' by which the xenobiotic may be recognized by a family of transmembrane ATPase pumps which actively exclude the metabolite from the cell in phase I11 of detoxification. Once outside the cell, the plasma membrane provides an effective barrier to the re-entry of the biotransformed xenobiotic because of its hydrophilic moiety. 
GSTs of Mytilus edulis
The tissue distribution of cytochrome P-450 activity in M. edulis [12] indicates that the digestive gland is particularly important in xenobiotic metabolism. In contrast, GST specific activity is 3-4-fold higher in gill than in digestive gland [13] . However, because of the relative size of the two tissues, there is greater net GST activity in the digestive gland than gill. These results are interesting as the gill is the main feeding organ of this animal and is therefore likely to be the first point of contact between chemical pollutants and the animal. The digestive gland in M. edulis seems to perform a similar role to the liver of more advanced species and is known to
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Since expression of multiple isoenzymes is a feature of these proteins, affinity-purified extracts were prepared using GSH-agarose resin and fractionation of this extract by ion-exchange FPLC was carried out [ 131. In whole M. edulis, gill and digestive gland extracts of both M. edulis and a closely related species, Mytilus galloprovincialis, this resulted in separation of four main protein peaks 113,153. The leading peak contained the bulk of the GST catalytic activity of the extract. The second peak to be eluted contained some 60% of the extract protein while the two remaining peaks contained small amounts of catalytically inactive protein. Immunoblotting experiments [16] revealed that peak 1 reacted positively with antisera raised to rat Pi class GST-P and gave no reaction with antisera to the Alpha or Mu classes. Peak 2 did not give a positive reaction with any of the antisera to the three main cytosolic GST classes. Although peaks 3 and 4 contained protein of higher subunit molecular mass than peak 1, these polypeptides also reacted with Pi-class antisera only. Due to limitations in the amounts of these latter proteins, it was only possible to carry out a detailed biochemical characterization of peaks 1 and 2 which we shall now refer to as GST 1 and GSH-binding protein respectively [ 161.
The amino acid composition of these two proteins was found to be similar to that of other GSTs [ 161. Difference index analysis [ 171 indicated that GST 1 was most similar to the Pi class while the GSH-binding protein was most closely related to the Mu class. The N-terminal sequences of both proteins have also been determined. GST 1 appears to be most similar to the Pi class while the GSHbinding protein was most closely related to the Mu class [ 161. The subunit structure of the two proteins was determined by SDS/PAGE, matrix-assisted laser desorption (MALDI) mass spectrometry and gel-filtration chromatography on both Superose 12 and Superdex 75. These results indicate that GST 1 is a dimer (native molecular mass 38 000 Da) while the GSH-binding protein appears to be a monomer (subunit mass 16 800-25 000 Da). The presence of a single, high-resolution peak on reversed-phase HPLC is consistent with GST 1 being a homodimer [ 131. Both X-ray crystallography and folding studies have shown that GSTs require a dimeric structure to form their catalytic site [18, 19] . The finding that the GSH-binding protein is a monomer may therefore explain this protein's lack of catalytic activity, despite its obvious structural relatedness to GSTs. A further criterion of use in allocating GSTs to particular classes is substrate specificity. GST 1 is active with 1,2-dichloro-4-nitrobenzene (a substrate for Mu class enzymes), ethacrynic acid (a substrate for Pi class enzymes) and cumene hydroperoxide (a substrate for Alpha class enzymes). The enzyme was inactive with 1,2-epoxy-3-(p-nitrophenoxy)-propane, trans-4-phenyl-3-butene-2-one, acrolein and hydrogen peroxide as substrates. GSH-binding protein was not active with any of these substrates nor did it display glyoxylase or GSH reductase activity.
M. edulis GSTs as bioindicators of pollution
The use of GSTs as bioindicators in M. edulis has previously been suggested [ZO]. We measured the levels of GST specific activity in extracts from a sampling site in Cork Harbour and compared these to samples from Bantry Bay and Youghal Harbour (control sites). These data [21] indicate that GST levels are elevated in Cork Harbour. Natural variability in GST levels might be an explanation for this. However, there appears to be no correlation between differences in body weight [20] , sex or seasonality [22] and variation in the levels of this enzyme. These results imply that the GST levels may indeed be altering as an adaptive response to pollutants in the mussel's immediate environment. Although Cork Harbour is not regarded as heavily polluted by international standards, previous work has indicated measurable levels of metals and other pollutants in M. edulis sampled from this estuary [23] . Laboratory exposure experiments were carried out to determine whether GSTs were indeed inducible in this animal due to xenobiotic exposure. On treatment in holding tanks with a range of xenobiotics including herbicides, phenobarbital and diesel oil it was found that only aldicarb resulted in a modest (50%) but significant dose-related induction of GST levels (I,. Ballard and G. Burnell, personal communication).
GSTs may be useful indicators of xenobiotic pollution but a limitation of this study is the lack of data on the pollutants which may be responsible for elevated GST levels. It is difficult to model possible synergies between pollutants in controlled exposure experiments. Measurements of GST levels in digestive gland of M galloprovincialis sampled in the Venice Lagoon as part of UNESCO-MURST Venice Lagoon ecosystem project were also carried out. Although these samples had elevated levels of PAH and PCBs, there was no significant difference in GST levels between the control and polluted sites [ 151. This discrepancy with the data from Cork
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Harbour may either be a result of species (i.e.
between M edulis and M galloprovincialis) or tissue differences (i.e. between digestive gland and gill) V I .
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Summary
The GSTs of M edulis provide an easily assayed activity which would be expected to respond to changes in pollution status. The main GST and a related GSH-binding protein have been purified and biochemically characterized. The former protein is most similar to the Pi class while the latter is a catalytically inactive monomer which appears to be related to the Mu class. This enzyme activity has been assessed as a potential indicator of exposure to chemical pollutants in both Cork Harbour and Venice Lagoon (using the closely related species, M. galloprovincialis). Controlled exposure studies with mussels in holding tanks have indicated that the herbicide aldicarb gives a slight but significant increase in GST activity consistent with the inducibility of these enzymes by xenobiotics in this bivalve. At present, we are studying samples which have been deliberately exposed to PAH and PCB compounds. Studies of this type are important in helping to understand the effects and fate of chemical pollutants released into estuarine environments.
